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A Serial Acquisition Scheme for DS-SS Systems Using Antenna
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ABSTRACT

We propose a serial acquisition scheme using antenna arrays for initial acquisition of direct sequence spread
specttum (DS-SS) signals, which can lower substantially the range of detectable signal-to-nolse ratdo (SNR). The
proposed scheme uses the sum of the independent decision samples from pseudo-noise (PN) co-phased
noncoherent I-Q matched filters (MFs) assoclated with antenna arrays as a decision variable in order to enhance
SNR of the resulting signal. We analyze its mean acquisition time performance under an additive white Gaussian
noisc (AWGN) channel and a flat Rayleigh fading channel by deriving the expressions for the probabilities of
detection and false alarmn. From numerical results, we see that the acquisition performance of the proposed
scheme becomes improved continually as the number of antennas increases.

tracking. Acquisition aligns the phases of the local

I. Introduction

DS-S8 techniques have been used widely for a
varicty of reasons including anti-interference and
multiplc access capabilities [1]-[4]. However, these
advantages can be fully cxploited only if precise
receiver synchronization is acquired. Synchro-
nization is done in two steps of acquisition and

PN code and the incoming one within one chip
interval or less [5]-[11]. Tracking brings the phase
difference of two sequences to zero and maintains
the alignment [11], [12]. Especially, acquisition is
the first process to be performed in the receiver
and has a great influence on the overall system
performance. Among various acquisition schemes,
serial schemes [5]-[9] have a major importance
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since these are simple and provide a good
performance in a low SNR environment. In this
paper, the focus is mainly on serial acquisition of
DS-SS signals.

In wireless communications, the use of smart
antennas  (possibly antenna arrays) is widely
recognized as a promising means to increase the
system capacity, to improve the signal quality and
to extend the coverage [13]-[21]. Several types of
smart antenna systems have been proposed and
their performance has been analyzed [15]-[18].
Also, smart antenna techniques for DS-CDMA
systems have been studied, and the performance
of antenna arrays in the DS-CDMA systems has
been analyzed [18]-[22]. However, all such
systems based on the DS-CDMA techniques have
assumed perfect code synchronization in the
receiver. The improvement of initial synchro-
nization using antenna arrays has rarely been
considered.

In this paper, we propose a serial acquisition
scheme using antenna arrays for  inital
synchronization of DS-85 signals, which can
lower substantially the range of dstectable SNR.
The proposed scheme uses the sum of the
independent decision samples from PN co-phased
noncoherent I-Q MFs associated with antenna
arrays as a decision variable in order to enhance
SNR of the resulting signal. The remaining
acquisition processes arc the same as those of the
conventional serial scheme with a single antenna
of [6] (hereafter, called as the conventional
scheme or the single antenna scheme), Under a
frequency-selective fading channel, the acquisition
petformance may be degraded significantly
[23],(24]. To this  performance
degradation, different system structures, such as a
RAKE receiver and an adaptive equalizer [25]
can be used. The objective of this paper is to
analyze the performance potential of the serial
acquisition scheme using antenna arrays according

overcome

to the number of antenna clements, Hence, the
analyses under the AWGN channel and the flat
Rayleigh fading channel are emough to evaluate
how well the proposed system performs.

932

1. Serlal Acqulsition Scheme Using
Antenna Arrays

T8 1. AREE A9 ALY REE

Fig.1 shows the basic structure of the proposed
gerlal scheme using antenna arrays. Assuming A
antennas, the proposed scheme uses the sum of A
simultancous independent decision samples from
PN co-phased noncoherent I-Q MFs associated
with antenna arrays as a decision varlable. The
PN code weight registers with length M over all
the noncoherent I-Q MF blocks store an idemtical
scgment of a given PN code. Fig. 2 shows the
basic structure of an individual noncoherent I-Q
MF block. In the noncoherent I-Q MF block at
the a-th antenna, the outputs of I-branch and
Q-branch MF correlators are squared and summed
to make the decision sample for mnoncoherent
detection as follow:

R, =o€, 0

€s and €. denote the outputs of
I-branch and Q-branch MF corelators, respec-
tively, at the a-th antenna. The decision samples
based on the PN correlation over MT, seconds
are generated at every 4T, seconds (0< 4<1),
that is, at a multiple of the code rate 1/T;, with
4 being a phase adjusting factor, Then, the
simultancous A independent decision samples from
antenna arrays are summed to make the summed

where

decision sample as follow (See Fig. 1.):

_R-R,+R1 +---+R, =e,1'1+e;‘, +e,1,2+eé.1 -i-w-+¢;‘,4+e?M

@)
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Hence, the proposed scheme generates a summed
decision sample at cvery A47; seconds.

The proposed scheme using antenna arrays has
two acquisition modes: the search mode and the
consecutive verification mode. The search mode
makes a tentative decision on the correct phase
based on the summed decision sample through the
successive search processes over the uncertainty
region. Then the verification mode makes a final
decision on the selected phase through the
coincident detection (CD) to provide the good
protection against a very costly false-lock-loop
activation. Note that the acquisition processes in
the proposed scheme are the same as those of the
single antenna scheme [6], except for using the
summed decision sample. In the search mode, if
the summed decision sample exceeds a search

mode threshold Vs, the system decides a tentative
correct phase and then goes to the verification
mode. In the verification mode, C summed
decision samples corresponding to the tentative
comect phase over the C  consecutive
non-overlapping MT, intervals are collected. If D

or more of C summed decision samples exceed a

verification mode  threshold Yv, the comect

acquisition is decided. Otherwise, the acquisition
process is continued at the next phase. In the
false alarm case, the system goes back to the
search mode after a penalty time, JMT,

H. Mean Acquisition Time

In this section, we analyze the mean acquisition
time performance of the proposed scheme under
the following assumptions [5]-[6], [10]:

(Al) There is only one cell corresponding to

the correct phase (H; cell).

(A2) All
independent.

(A3) M is large enough such that the
correlation of the received sequence and
the local code yiclds zero when they are
not in phase (Ho cells).

(A4) The uncerainty rcgion is the full code
length LT..

summed decision  samples  are

T8 3. A 98] A Ael=

Due to the Markovian nature of the acquisition
process, we derive the mean acquisition time
expression by using the state transition diagram.
Fig. 3 shows the state transition diagram used to
analyze the acquisition performance of the
proposed  serial scheme. (The similar state
transition diagram was originally used in the
single antenna scheme ([6]). The state diagram
consists of the correct acquisiion (ACQ) state,
the false alarm (FA) states, the detection state (H;
cell), and ( I-1) offset states (Hp cells) with [ =L
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4. An initial state is decided with a prior!
distribution, =, {=L 2., Branch gains are
given by [5]-[6], [10]

Hy(Z)=7"",

Hp(2)=PpZ"" PpaZ™™

Hu(Z)=(1=Pp) 2" + P Z*" (1= Pp) Z¥™ | (3)
Ho(Z)=(1=Pr)Z"+ P 27 (1~ Pr) ZM™

+Pp 2% Pr 2™ 2™ .

where Hp(z) is the branch gain passing from the
FA states to the next state (l.e., state [+1);
Hp(2) is the overall branch gain leading from
H; cell (the detection state) to the ACQ state;

H,(2) is the overall branch gain connecting H;

cell to the fimst offset state (i.c., state 1); Hy(z)
is the overall gain connecting any other two

successive states (i, i+1), i=1.2.---.l-1; Py, and

Pri denote the detection and false alarm
probabilities in the search mode, respectively; and

P,y and Fry denote the detection and false
alarm  probabilities in the verificaion mode,
respectively.
Then, the generating functon [5] is
H(z)=__m_H_D£Z_)_{

4 - Z}
ay@ur@ EH A

fu]
Assuming uniform prori distribution, 7i=1/1/,

i=12,---,1, the mean acquisition time, E{T a}
is obtained as [5]

dH(Z)

E{T oeg} = 2z
Imly

=£‘-{A+CM Poi+(A+CM Pp+IM Pr)(l—l)(l—%)}
D

»

18]

where Pp=PpiPpz and Pp =PgPpy denote the
overall detection probability and the overall false
alarm probability, respectively.

94

IV. Performance Analysis In an AWGN
Channel

In this section, we derive the detection and
false alarm probabiliies of the proposed serial
scheme wusing antenna arrays in an AWGN
channel. From now on, we assume a narrowband
signal incident on a unifonm linear array with the
element spacing of d from only a single direction
@ Hence, nll the antenna arrays suffer the
identical fading, except for the phase rotations
due to their array responses. Then, the Al
complex received signal vector can be written as

r(®)= $25 ¢,(t—iT,) a(@) /™ +n(r) ©

where § is the received signal power; &) is the
rectangular pulse over 0 to T, seconds, which
takes the values of 1 or -1 according to the i-th
code of the PN sequence; 8(6) is the A4x1

complex array response vector to the direction &,
defined as

_Jv,3ame
4 )

T
_jw.(AH\)d 0 :]
g <

a(0)= |:1 e
, )

with the speed of light ¢; 9 and ¢ are the
carrier frequency in rad/s and its phase,
respectively; and B() is the Ax1 zero-mean
complex Gaussian noise vector with the one-sided
power spectral density matrix of NI,

The outputs of the I-branch and Q-branch MF

correlators at the a-th antenna are given by,
respectively,

el.a:Sl,a+Nl.a, (8)

€9a=S0a% Noa, 9)
Sie and Soa are deterministic signal
components caused by the transmitted signal at
the I- and Q-branches, respectively. Under

where
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hypothesis Hj, referring to the assumption (Al),
Eq. (6) and Fig. 2(a), we obtain

@a-bd 9)
¢ , (10)

(a=Dd sinB)
c J(11)

while under hypotheses Hp, referring to the
assumption (A3), we obtain

S, | H, =SMT, cos{q)—m,,

So. | H, =+/SMT, sin[q) ~w,

8, &S, 1H,=0 (12)

Nia and Nea are independent and identically
distributed (ii.d.) zero-mean Gaussian random
variables (r.v.'s) at the I- and Q-branches,
respectively, which are obtained by the PN
correlation of the complex AWGN at the a-th

2
antenna, and their varlance @5 is given by

o2 = NoMT,
! 2 (13)

Therefore, €. and €. follow the Gaussian

distribution
e1a/H, = G(S,..0}), (14)
e, .1H, =G(SQ_,,,0})' (15)
era& egu|Hy = G(0,0%) (16)

From the above results, the decision sample R,
follows the noncentral chi-squarc distribution with
2 degrees of freedom under H; cell, and the
central chi-square distribution with 2 degrees of
freedom under Hp cells. Under H; cell, the

noncentrality parameter is given by
mi=8}, +85,=SMT) an

In addition, from (1) and (8) to (12), we can
note that the decision samples from all the
antenna  arrays have independent and identical
distributions  without respect of the incident

directions and their phases.

As described above (See Fig. 1 and Eq. (2)),
the proposed scrial scheme uses the sum of A
simultaneous independent decision samples from
the PN co-phased noncoherent I-Q MPFs associated

with antenna arrays. In addition, note that (N1}
and [Nos}, a=1, 2, , A, are iid, zero-mean

Gaussian r.v.'s with the variance G}. Then, the
summed decision sample R follows the noncentral
chi-square distribution with 24 degrees of freedom
under H; «cecll, and the central chi-square
distribution with 24 degrees of freedom under Hop
cells [26]. These probability density functions
(pdfs) are given by

1 (n Y Ki+h JhK?
PR(hMil):_k'_} F expl — > 3 IA—l 02 )

Gy !

(18)

1 Aoy g
H = - @@ exXp —
PR(S' 0) O'}AZAF(A)g 20'3« ], (19)

where /() denotes the modified Bessel function
of the first kind and i-th order, 1'() denotes the

Gamma function, and K* is the noncentrality
parameter for the summed decision sample under

H, cell, defined as

1_$ 2 b
K _(Ema =AS(MT,) 20)

Now, we derive the detection and false alarm
probabilitics for the search mode. The detection
and false alarm probabilities in the search mode,

Py and Pr are defined as the probabilities that

the summed decision sample R excceds the search

mode threshold ¥s, under H;, and Hp cells,
respectively. These are

Pouc= [ Pr(hH R 2D

Pri =J.:PR(8’ Ho)dg

(22)
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Substituting (18) into (21), and (19) into (22),
after some manipulations, these are simplified as

Pm=Q(a.b)+exL{-a 2 ]2 (g} I(ab)

el

(23

1 b’)“{(A—l)Y .,}
= rya-v,
Pr=1% °"p(2 ,.2.;’ k[,

whers, @ =2S(MT.)’Alqa]

bz"Ys/G} and

0C,) denotes the Marcum’s Q-function [26].
In the verification mode, if D or more of C
summed decision samples corresponding to the

tentative correct phase over consecutive CMT,
seconds exceed the verification mode threshold

Yv, the correct acquisition is decided. Hence, the
detection and false alarm probabilitles for the
verification mode are given by, respectively,

C
Pp;= )c:, (ﬂ JPT(I—Pl)C'"

HmD ) (25)
C
- 1_ C-n
Pr2 Hg’ (n }Pg( P2) , 26)
where P; and P; are defined as follows:
P =I;: Pr (thl)dh, @n
P;= L: Pr(g lH 0)dg (28)

The probabilitics P; and P; are simply obtained
by replacing ¥s by Yv from (23) and (24),

respectively.
Finelly, to obtain the mean acquisition time of
the proposed scheme in terms of SNR/chip in the

AWGN channel, the above probabilities, Ppi,
Py, Pp; and Fr: must be substituted into (5).

V. Performance Analysis in a Rayleigh
Fading Channal

In this section, we analyze the mean acquisition
936

time performance of the proposed scheme under
the slowly time-varying flat Rayleigh fading
channel. For the fading channel considered here,
the fading process at each antenna is regarded as
a constant over k successive chips, k<M, and
thess successive groups of k chips are comelated.
Cleatly, the smaller the value of k and the
correlation cocfficlents among groups of k chips,
the faster the fade rate. The fading processes
from one antenna to another are identical except
for the relative phase rotations associated with the
distances from a reference antenna, assuming the
narrowband signal from a single direction as
before.

We can write the A X1 complex received signal
vector as

rf)= 2ﬁ(xfllk'|(‘)+ j)"[m](‘))fi (t—IT,)a(0)e’ ™ +n(r)
29

whero [m/n] is the largest integer which is

below .m/n. %) and Yi() are zero-mean
Gaussian fading processes at the I- and
Q-branches of the reference antenna, respectively,
with variances,

Elx}(t)] = Ely;t)l= o7 (30)
and autocorrelations

Elx,(0)x, (0] = ELy, 1)y, (D) = py,_,0}

iz], (31)

where 12p2p, 220 gre the autocorrelation
coefficients among groups of k chips.

The outputs of the I-branch and Q-branch MF
correlators at the a-th antenna are given by,
respectively,
T 0Lz + sinf0— o0 T ging)

e -coo{@:—(on YI: + N1ay

:Sl.a+Nl.a, (32)

ea;_.tn&,-w)t = ui.nelxﬁ-conh,_oy( =% li.nelyTr+Nﬂa,

=80t Nga, (33)
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where x and y are independent zero-mean
Gaussian r.v.’s, which are obtained by the PN
correlation of the fading processes xi(r) and yi(t),
respectively. Since x and y arc identically
distributed, we consider only x.

Under hypothesis H,, referring to Fig. 2(b), x is
the summation of the [+2 zero-mean QGaussian

(xl Xy Xy ot X Xy x1+z) with

rv.'s given by

ler/k—l The r.v.'s xz, X3,
the complete groups of k successive chips with
constant fading envelope in the interior of the
tapped delay line, and the two remaining r.v.'s, x;
and x,.; are due to the incomplete groups of k

***, T are due to

successive chips with constant ¢nvelope at the
two ecdges of the tapped delay line. Under
hypotheses Hy, since the phases of the received
PN sequence and the locally generated PN code
are not matched, the MF coefficients are
considered approximately independent, +1-valued
random variables [10]. Hence, x is the summation
of M iid. zeromean Gaussian r.v.’s with the

identical variance Os. After some manipulations,
we obtain the variances of x and y under
hypotheses H; and Hy, respectively, as follows:

ele|m )= E | J=wo? ) (34)

El|to]= ED?|po)= Ma? (35)

where W is given by

(kY LM Lk
I TR St )

(36

with kK’ =k[M/7k-[M/k]] p).

From (32) and (33), we note that all the
antenna arrays under the assumption of the
narrowband  signal  impinging from a single
direction suffer the identical fading oxcept for the
phasc rotations. Hence, 1« and €. follow the
conditional  Gaussian  distribution  with  the

conditional means Sia and Sa.a, and the equal

2
variance 77 as follows:
e H, =G(S,,.071xy), @37

€l Hi=G(80,,071%%),  jap, 1. (39)

Then, R, follows the conditional noncentral
chi-square distribution with 2 degrees of freedom.
The noncentrality parameter is given by

ml=S§%, +583, =(T) +(T.) (39)

Letting $=0GT)"+0OT)" | the noncentrality
parameter follows the following distribution:

1 s
FP.(s|H)=——exp| -~——
s (S{H) 207 p{ 20,1J, i=0,1,  (40)

where 05 =MT}a} ang 0 =WT 07
Again, noting that { N1a} and {Noa} are iid.

zero-moean Gaussian r.v.’s with the variance O,
the summed decision sample R follows the
conditional noncentral chi-square distribution with
24 degrees of freedom, and its pdf is given by

P(hls)——L-L _lcx —h+K1 hK”
" 60l x7) P 207 [ Te7

(41)

where X° is the noncentrality parameter for the
summed decision sample given by

A
K’=Yml=As

a=l

(42)

From the probability theory [27], the pdf of R
can be written as

Py(hIH,)= I:Pn(hls)PT(s’H,)ds’ =01 @3)

Substituting (40) and (41) into (43), we get

A-1
1 h |2 h
P(hIH)=—7—| — -
R 4oicr(AJ P( lﬂi]

937
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A-1
xj-l_, NhAs | N As s
ols) *| ok 207 20! |,
i=0,1 (44)

After some manipulations, we get a simplified
form as

-1
1 h h p
PR H)s—————| =5 | exp|—=—— |F|L4
x(hLH) m,o}o,’rm)[zoiT "{ 20}} ‘[ a,l

i~0,1, @5)

A1 JAR

o —— B:-

[+
where @ 20% 240}, ' 20°, and Fi(550)

is the Kummer confluent hypergeometric function
[28].

Now, we derive the expressions for the
dstection and false alarm probabilities in the
search and verification modes. In the search
mode, the detection and false alarm probabilities,

Fp and Pr, are defined as, respectively,

Poi= j';' Pa(h{HdR )

Pr= _’.: PR(SIHo)dS @7

Substituting (45) into (46) and (47), Poi and Pr
are obtained as

-1 2
A ZLT ol -1 IE(I;A%},,,
48)

1 - - 2
e I Pt (Y
(49)

In the verification mode, if D or more of C
summed decision samples corresponding to the

tentative correct phase over CMT, seconds exceed

the verification mode threshold Yv, the correct
acquisition is decided. Hence, the detection and
false alarm probabilities are given by, respectively,

938

nm=,

C
Po= § (n ]Pi‘(l—Pl)C"'

' (50)

n=D

, (D

C
Pr=$ (n }Pg(l-Pz)C_"

where P; and P; can be simply obtained by

replacing Ys by Vv from (48) and (49),
respectively.

To obtain the mean acquisiion tme of the
proposed scheme in terms of SNR/chip under the
flat Rayleigh fading channel, the above probabi-

lides, Fpi, Pri, Pp; and Fr, must be substituted
into (5).

VI. Numerical Results

In this paper, we have analyzed the mean
acquisiion time performance of the proposed
serial scheme using antenna arrays under the
AWGN channel and the Rayleigh fading channel.
We assumed a PN code with length L=1023 and
the chip rate 1/Tc=1 Mchip/s, the MF length
M=64, the phase adjusting factor 4=1/2 and the
false alarm penalty factor J=1000. We also
considered 1, 2, 4 and 8 for the number of
antennas and used C=4 and D=2 as the CD
parameters for the verification mode [6]. In order
to demonstrate the acquisition performance of the
proposed scheme under the Raylelgh fading

channel, the comrelation coefficients P, were taken

as P‘[IO]. We use the nommalized mean
acquisition tme in terms of SNR/chip, which is
derived by dividing the mean acquisition time by
the uncertninty region LT, The thresholds were
optimized to minimize the mean acquisition time
for each value of SNR/chip. '

Fig. 4 shows the mean acquisition time
performance for the proposed scheme with A as a
parameter under the AWGN channel. We can see
that the proposed scheme using antenna arrays
can lower substantially the range of detectable
SNR than the single antenna scheme, and the

www.dbpia.co.kr
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acquisition performance of the proposed scheme
becomes improved continually as the number of
antennas increases, It is also noted that the range
of detectable SNR is lowered by about 2dB cvery
twice number of antennas, The acquisition

performance of the proposed scheme under the
Rayleigh fading channel and the influence of fade
rapidity are shown in Figs, 5 and 6, where the
nommalized mean acquisition time is depicted as a
function of SNR/chip with A and k, and A and
p, respectively, as parameters. In Fig, 5, the
effect of the change in k was ¢xamined, in which
k=2 and 5 were considered with 2 = 0.3 fixed.
In Fig. 6, the effect of the change in p was
examined, in which p=01 and 03 were
considered with k=5 fixed. From Figs. 5 and 6,
wec see that ¢ven under the flat Rayleigh fading
channel, detectable SNR can be saved by about
2dB  every twice number of antennas. As
expected, for faster fading rates (that is, as k&
and/or p become smaller), the mean acquisition
time performance becomes worse. In addition, it
is noted that the change in & affects the mean
acquisition time more sensitively than the change
in p.

VI. Conclusions

Antenna arrays are widely being applied in
wircless communication systems in order to
enhance the gystem capacity and the quality of
service. In this paper, we proposed the serial
scheme using antenna arrays for initial acquisition
of DS-SS signals. The proposed scheme uses the
sum of the simultancous independent decision
samples from PN co-phased noncoherent I-Q MFs
asgsociated with antenna arrays as a decision
variable in order to enhance SNR of the resulting
signal. We analyzed the mean acquisition time
performance by deriving the detection and false
alarm probabilities for the search and verification
modes under the AWGN channel and the
Rayleigh fading channel.

From numerical results, we saw that the
proposed scheme using antenna arrays can lower
substantially the range of detectable SNR than the
conventional serial acquisition scheme with a
single antenna under the Rayleigh fading channel
as well as the AWGN channel. In addition, we
saw that detectable SNR can be lowered

939
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continually by about 2 dB every twice number of
antennas, and this advantage of antenna arrays is
maintained even under severe fading channel (k
and/or p become smaller).
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